This paper describes a study on the variation of calibration factor over time for High Dynamic Range (HDR) photography in a single daylit interior scene. Field measurements were conducted in a classroom under stable sky conditions. The luminance of each color of the X-Rite ColorChecker chart measured with a calibrated luminance meter was compared with the luminance value of the corresponding pixels extracted from the HDR image fused with low dynamic range (LDR) photographs of multiple exposures taken using a consumer grade digital single-lens reflex camera fitted with an ultra wide angle lens. The ratio between the luminances obtained from these two methods was computed and defined as the calibration factor. It was found that for each color there was a weak and not significant correlation between the calibration factor and the daylight levels ranging from about 75 to 30,000 lx. Without any significant relationship with the daylight levels, the calibration factors of each color obtained in the measurements were averaged, so that for any daylit scene with a dominant color, the real luminance could be determined by multiplying the average calibration factor of that color to the HDR luminance. The calibration factor of a 'daylit scene' in which all the 24 colors were evenly distributed was also computed, and it was 0.53 with a standard deviation of 0.03. Having more understanding about the feasibility of applying HDR photography technique as a luminance data acquisition system, researchers can have more confidence in its application for the investigation of the relationship between various luminance-based parameters and interior daylighting performance.
Introduction
Luminance is a commonly used parameter to describe interior daylighting performance. The ratios between task, wall and ceiling luminances have been claimed to have a strong influence on occupants' visual satisfaction . Lighting guides 2 give recommendations of luminance contrasts between task and immediate surround and between task and general background in the work place environment. Researchers have also carried out studies on subjective preferences towards different luminance-based parameters in the field of view, such as luminance variability 3 , luminances in the horizontal band of width 40° and in the central circle of angular subtense 40° 4 . There is undoubtedly a close relationship between the luminance in the field of view and subjective preferences to an interior daylit environment. In order to develop a comprehensive daylighting performance assessment method for interior spaces, it is necessary to have a fast and effective method for the measurement of luminance and its distribution in a space.
Luminance within the field of view can be obtained using point-by-point measurements with a spot luminance meter. However, these studies suffer from random errors, need excessive measuring time, and the obtained data generally give luminances at too few points for researchers to analyze the overall light distribution. The improved digital imaging technology allows photography to become a technique not only capable of capturing a lighting environment realistically, but also having the potential to collect luminance data within the field of view. With the advanced technology of high dynamic range (HDR) photography, the luminance within the field of view could be obtained using a consumer grade digital camera with an ultra wide angle lens in a quick and inexpensive manner.
In HDR photography, low dynamic range (LDR) photographs of multiple exposures are taken to capture a wider luminance range of a scene 5 and using the computer software called hdrgen fused into an HDR image with pixel values extending over the luminance span of the human visual system. This is done by saving the HDR image in RADIANCE RGBE format, a common HDR image format allowing the luminance of every pixel of the HDR image to be computed.
A previous research studied the potential, limitations and applicability of the HDR photography technique as a luminance mapping tool by laboratory and field measurements to compare the luminance values shown in the HDR images with the luminance values physically measured by a calibrated luminance meter in different settings, from black painted rooms to general office spaces and outdoors, under different kinds of light sources, from fluorescent lamps, metal halide lamps to overcast and clear skies 6 . The study reported that the luminances in the HDR images correspond to the physical quantity of luminance with reasonable precision and repeatability.
Despite the encouraging findings, there is a query about the degree of variation of the calibration factor for a single scene over time due to daylight variations. The calibration factor is determined by dividing the physically measured luminance values of a selected region in the scene by the luminance values of the same region in the HDR image. Then the 'real' luminance of a point within the scene can be found by multiplying the calibration factor and the luminance value of the corresponding pixel of the HDR image. The calibration factor would most likely be kept constant over time for a confined space with stable light output, but in dynamic scenes, such as an interior daylit environment, its change over time is still unknown. It is therefore necessary to take a look at the variation of calibration factor in a daylit scene under various indoor daylight levels.
This paper reports on a study about the variation of the HDR calibration factor over time in a single daylit interior scene. A chart of 24 standardized colors was used as the scene in this study. 29 field measurements of luminance values of each color of the chart were conducted in an interior with windows under stable sky conditions, with as little daylight variations as possible during each measurement set, directly with a calibrated luminance meter and indirectly by means of the HDR imaging approach using a digital camera fitted with an ultra wide angle lens. The calibration factor of each color was computed as the ratio between the luminances of that color obtained by the two methods. Their extents of change over time were tested by correlation analysis. It is believed that having answered the question about the variation of the HDR calibration factor over a wide range of daylight levels, it would be more confident for researchers to apply the HDR technique as a luminance data acquisition system.
Equipment
Equipment Equipment Equipment The X-Rite ColorChecker chart, as shown in Figure 1 , was used as the scene in this study. There are 24 scientifically designed 4 cm×4 cm color squares, denoted by C1 to C24. The reflectance of each color is uniform across the entire square. The sRGB values of the 24 colors are listed in Table 1 . The measurements were conducted in a typical classroom of the Hong Kong Polytechnic University with all window blinds pulled up and all electric lights turned off under stable clear and overcast sky conditions. The color chart was placed on a vertical plane perpendicular to the windows. A consumer grade digital single-lens reflex camera (Canon EOS 350D) fitted with an ultra wide angle lens (Sigma 10-20 mm F4-5.6 EX DC HSM) was mounted on a tripod at a perpendicular distance of 300 mm from the centre of the color chart. The measurements were conducted with the lens fixed at focal length of 10 mm giving a 96° horizontal field of view. A calibrated hand held luminance meter (Minolta LS-100), with 1° field of view and spectral response matching the photopic vision of human eye V (λ ), was used to perform physical luminance measurements for each color of the chart at its centre with a diameter of 10 mm. A multipoint illuminance measuring system (Konica Minolta T-10M) with four sensor heads was used to measure the daylight illuminance at the four corners of the color chart. 
Camera
Camera Camera Camera s s s settings ettings ettings ettings In this study, a total of nine low dynamic range (LDR) photographs of exposures within the range from -4 EV to +4 EV of the metered exposure were taken for each color of the chart to capture a wide luminance variation, as shown in Figure 2 . Although altering either the aperture size or the shutter speed could vary the exposure values, the camera was set to Aperture Priority mode with a fixed aperture size of f/8.0 so that exposure variations were achieved by varying the shutter speed in Automatic Exposure Bracketing (AEB) mode, which was reported to be more reliable. Automatic White Balancing was turned off, instead Daylight White Balancing dominated. More camera settings are listed in Table 2 . 
Measurements
Measurements Measurements Measurements The digital camera fitted with the ultra wide angle lens was placed at 300 mm in front of the X-Rite ColorChecker chart which was the scene in this study such that the chart was in the middle of the camera's field of view. For each measurement set, nine LDR photographs of multiple exposures of the scene were taken for the production of an HDR image and the luminance values were then extracted from the pixels of that HDR image. The luminance at the centre of each color of the chart was also measured with the calibrated luminance meter LS-100 at the same location as the camera three times before and three times after taking the multiple exposure photographs. The measurement area by LS-100 was a circle of diameter 10 mm so that the luminance of each color was measured entirely within the color square. Meanwhile, the vertical illuminance of the color chart was estimated by averaging the four illuminance values measured by the illuminance meters placed at the four corners of the color chart. The mean illuminance value was regarded as the indoor daylight level received by each color square of the chart during one measurement set. The time taken for each measurement set was 10 minutes and was identical for all measurement sets.
The six physically measured luminance values of each color were averaged to compare with the pixel luminance values of that color in the HDR image having the same region size as that measured by the luminance meter. The ratio between the luminances obtained from these two methods in each measurement was computed and defined as the calibration factor. The calibration factors of each color under different daylight levels were then analyzed by the computer program 'statistical package for social sciences' (SPSS). 6. 6. 6.
Vignetting effect
Vignetting effect Vignetting effect Vignetting effect Vignetting effect is a major optical concern during the study. It occurs in different extents for different camera and lens combinations. Since in this study an ultra wide angle lens was applied to capture the field of view as what human could see in reality, considerable light falloff occurred from the optical centre of the scene to its perimeter in a radial form. Light reduced towards the corners of the photographs and this is the vignetting effect. Although a relatively small aperture, f/8.0, was used in this study to mitigate the vignetting effect, the luminance values towards the corners of the HDR image were still considerably reduced, and thus appropriate corrections were required to compensate for the luminance loss. Figure 4 The 'digital filter' for luminance loss for vignetting effect A simple experiment was carried out in advance to determine the vignetting effect of the lens used in this study. A white surface was vertically placed in front of the calibrated luminance meter. The luminances of nine points (3 × 3) on the surface were measured by the luminance meter. Since it was found that the luminance variation of these points in different directions was less than 5%, the surface was assumed to be matt. This white matt surface was then put perpendicularly in front of the digital camera at a distance of 300 mm, i.e. the same distance that the color chart in the later field experiments would be placed, so that the whole field of view of the camera was covered by this surface. LDR photographs of multiple exposures were taken for this surface and an HDR image was then fused. The luminance of each pixel of the HDR image was found. Assuming the luminance of any point on this matt surface was the same, the luminance loss due to vignetting effect was calculated by dividing the luminance of any pixel by that of the centre pixel of the HDR image of this surface. Figure 4 shows the luminance loss factor ( LLF ) of the HDR images due to vignetting effect determined by the above experiment. This is called a 'digital filter' as the LLF was used to correct for luminance loss in the analysis of the field measurements by modifying equation (2) 
Point spread effe
Point spread effe Point spread effe Point spread effect ct ct ct Point spread effect is another optical effect that might be of concern in this study. In theory, a narrow light beam from a small object (point) located very far from the camera covers less than one pixel area. In practice, however, the beam would be spread out and scattered by the lens so that a small amount of light would fall on a few pixels surrounding the pixel where the image of the point falls, resulting in a loss of luminance in the image pixel to its neighboring ones. Many factors, such as the aperture size, exposure time and distance from the optical centre, affect the point spread effect. In this study, the aperture size was fixed, but it was not yet feasible to quantify the general scattering of light due to this effect, and therefore, point spread effect was neglected in this study.
Analysis and results
Analysis and results Analysis and results Analysis and results The experiments were carried out on six days at different times in a typical sidelit classroom of the Hong Kong Polytechnic University under stable overcast and clear sky conditions to investigate the variation of the calibration factor of a single daylit scene with the use of the X-Rite ColorChecker chart. 29 measurements were taken in this study under a wide range of daylight levels with the mean vertical illuminance of the color chart varying from about 75 lx to about 30,000 lx. Direct sunlight on the color chart was avoided throughout all the measurements. Table 3 lists the mean vertical illuminance (E ) within the measurement period of each measurement set and its standard deviation (SD ).
The data obtained was tested by correlation analysis of SPSS for investigating whether there is any correlation between the calibration factor of each color and the daylight levels. The results of the Pearson correlation coefficient (R ) and probability value (p value) are tabulated in Table 4 . A value of R closer to either -1 (negative correlation) or 1 (positive correlation) means a stronger correlation between the variables. For a 99% confidence level, the relationship is said to be statistically significant if the probability of occurrence by chance, which is expressed as p value, is less than 0.01.
In this study, there was lack of sufficient evidence to show that a strong and significant correlation exists between the calibration factors of each color and indoor vertical illuminances. It was concluded that different daylight levels would most probably not exert any influence on the variation of HDR calibration factors of any color. Table 3 The mean vertical illuminance of color chart with a standard deviation (SD) provided for each measurement set
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Since it was found that the change of indoor vertical illuminance levels is not a reason for the variation of calibration factors of any of the 24 colors, researchers have attempted to simply take average of the calibration factors obtained from the 29 measurements of each color, as the calibration factor CFcolor of each color, which are tabulated in Table 4 together with the standard deviation SD. For any scene with a dominant color, calibration from HDR luminance to real luminance could be achieved by multiplying the HDR luminance by CFcolor of that color.
In order to simplify the application of HDR photography for luminance measurement of a daylit scene, a single calibration factor across the daylit scene (CFscene) was calculated for each measurement set. Assuming that the 24 colors are evenly distributed in the scene, CFscene is the simple arithmetic mean of the calibration factors of the 24 colors of the chart and the calculated CFscene for all the 29 measurement sets are tabulated in Table 5 . The mean of the CFscene of the 29 measurement sets, CFmean, was found to be 0.53 with a standard deviation of 0.03. This shows that the general variation of the calibration factor of such a 'scene' within the normal indoor daylight levels investigated in this study was reasonably steady at 0.53 with an error of 5.7%. This error is within the accuracy criterion suggested by Inanici 6) that the calibration factor across the scene should assure accuracy with a 10% error margin. The calibration factor of this 'daylit scene' was again tested by correlation analysis for confirmation to examine whether it has any close relationship with the indoor vertical illuminance levels and it was still found none (R = -0.122, p = 0.529), as shown in Table 5 . 9. 9. 9.
Conclusion Conclusion Conclusion
Conclusion In order to comprehensively verify the feasibility of using HDR photography as a reliable luminance data acquisition system, field measurements were conducted to investigate the variation of the HDR calibration factor under a wide range of daylight levels with the aid of a consumer grade digital single-lens reflex camera and an ultra wide angle lens. The X-Rite ColorChecker chart was used in this study as the single daylit interior scene. The calibration factor, i.e. the ratio between the physically measured luminance and the luminance extracted from an HDR image, of each color of the chart was analyzed with correlation analysis. A Pearson correlation was computed. It was found that the calibration factors of all the 24 colors of the chart did not have any strong and significant correlations with the interior vertical illuminance levels measured on the chart. In view of the fact that there is statistically no correlation with the indoor daylight illuminances, the calibration factors of each color over the investigated range of daylight levels were averaged, so that for any scene with a dominant color the same as one of the 24 colors of the chart, calibration from HDR luminance to real luminance could then be achieved by multiplying the calibration factor of that color. It was also interesting to look into the calibration factor of a 'daylit scene' with all the 24 standardized colors evenly distributed on it, and it was found to be 0.53 with a standard deviation of 0.03. About 70% of the measurement results fell within this range.
10. 10. 10.
Discussion
Discussion Discussion Discussion This study not only answers the question about the variation of the HDR calibration factor under a wide range of daylight levels, but also increases the researchers' confidence in applying HDR photography as a luminance data acquisition system. However, there are still some remarks from the study. Firstly, the calibration factor of 0.53 came from a 'daylit scene' made up of the 24 colors in the X-Rite ColorChecker chart, and thus, the calibration factor may slightly differ in other scenes in practice. Secondly, the experiments were only performed with one digital camera fitted with one lens. If other combinations of cameras and lens are applied, the calibration factor of 0.53 should no longer be valid, and besides, it would yet be an unknown whether a reasonably steady calibration factor exists over a wide range of daylight levels which represent changes over time of a daylit environment, like the results in this study. Lastly, the vertical illuminances investigated in this study were solely within the range of the common indoor daylight levels, and the variation of the calibration factor for HDR photography has not yet been investigated beyond this extent.
